ABSTRACT: Mass spectrometry continues to develop as a valuable tool in the analysis of proteins and protein complexes. In protein complex mass spectrometry studies, surface-induced dissociation (SID) has been successfully applied in quadrupole time-of-flight (Q-TOF) instruments. SID provides structural information on noncovalent protein complexes that is complementary to other techniques. However, the mass resolution of Q-TOF instruments can limit the information that can be obtained for protein complexes by SID. Fourier transform ion cyclotron resonance mass spectrometry (FT-ICR MS) provides ultrahigh resolution and ultrahigh mass accuracy measurements. In this study, an SID device was designed and successfully installed in a hybrid FT-ICR instrument in place of the standard gas collision cell. The SID-FT-ICR platform has been tested with several protein complex systems (homooligomers, a heterooligomer, and a protein−ligand complex, ranging from 53 to 85 kDa), and the results are consistent with data previously acquired on Q-TOF platforms, matching predictions from known protein interface information. SID fragments with the same m/z but different charge states are well-resolved based on distinct spacing between adjacent isotope peaks, and the addition of metal cations and ligands can also be isotopically resolved with the ultrahigh mass resolution available in FT-ICR. P rotein complexes are involved in many cellular processes 1 and thus the study of protein interactions is essential for understanding biological processes.
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12 ECD and ETD allow surface mapping of protein complexes by providing backbone cleavage. 7, 8, 13 UVPD produces both covalent and noncovalent fragments of protein complexes, providing both secondary and quaternary structure information. 10, 11 SID has been shown to produce noncovalent subcomplex fragments with symmetric charge partitioning indicating the relative strength of interfaces for many protein complexes, which provide insight into the quaternary structure of protein complexes.
14 The conformational changes of protein complexes can also been monitored by SID. 15 SID was successfully implemented in quadrupole time-of-flight (Q-TOF) instruments. 16 Coupling with ion mobility provides additional separation in Q-TOF instruments, that is, fragments with the same m/z can be differentiated based on drift time. 17 However, the mass resolution of Q-TOF instruments sometimes limits the information that is obtained for protein complexes by SID when systems with minor mass differences, such as protein modifications and ligand binding, are studied. 14 Fourier transform ion cyclotron resonance mass spectrometry (FT-ICR MS) provides m/z measurements with ultrahigh resolution and ultrahigh mass accuracy. 18 The development of the ParaCell mass analyzer made it possible to improve the collection of long transients that are necessary for protein complex studies. 8, 19, 20 Previous studies have shown that large protein complexes up to 186 kDa can be isotopically resolved in FT-ICR instruments. 8, 21 However, CID of large protein complexes in the commercial collision cell in the Bruker FT-ICR platform is not highly efficient and can lead to loss of signal at the higher collision energies, which are required for dissociation of large protein complex ions. 22 SID has been applied in FT-ICR for studying the fragmentation of peptides in previous work, 23−28 but not for large protein complexes. In this study, an SID device was designed and installed in a hybrid FT-ICR instrument (15 T Bruker SolariX XR) external to the ICR Paracell. The SID-FT-ICR platform has been tested with several protein complex systems with distinct structures.
■ EXPERIMENTAL SECTION SID Device. The SID device with a trapping region was designed to fit in place of the standard CID collision cell ( Figure 1 ). The design of the SID region was optimized by SIMION 8.0 simulations. Protein complex ions with an initial kinetic energy from 50 to 100 eV at the entrance lens to the SID device were simulated in SIMION and accelerated to collision energies of approximately 500 eV. A kinetic energy retention of 10−20% after collision was considered. 16 Because dissociation of the precursor ions may happen between the surface and the exit lens of the SID device, generation of both precursors and fragments after surface collision was considered in the simulation. A script was written to change the kinetic energy of the precursor ions when they reach the surface and, for a portion of the ions, the SIMION mass and charge parameters were changed to representative fragment ion values. Collision with neutrals (gas) in the SID region was not considered in the program. The SID device consists of two parts, the SID region (2.75 cm in length) and the trap region (2.79 cm in length). There are ten DC electrodes in the SID region ( Figure S1A ). As shown in Figure S1D , the SID region has an open design to allow higher vacuum, minimizing collisions with background gas. The glass surface, coated with a 10 Å titanium layer and a 1000 Å gold layer, was further modified with a fluorinated self-assembled monolayer as previously described. 16 A rectilinear quadrupole with four asymptotic electrodes is enclosed in the trap region, which was filled with argon for collisional cooling. Nitrogen gas was also employed and the SID results were similar to the results obtained with argon (data not shown). RF and DC voltages were applied to the rectilinear quadrupole for trapping ions. DC voltages were applied to the asymptotic electrodes 29−31 for trapping and pulsing ions into the ICR cell. The SID electrodes were tuned to collide the ions with the surface electrode and the fragment ions were collected in the trap region after SID before being pulsed into the ICR cell for m/z detection ( Figure  1 ). Initially, SIMION simulated tuning parameters were used to guide the tuning in the experiment and the experimental parameters were optimized to increase signal. The parameters listed in Table S1 in the Supporting Information are the optimized experimental tuning parameters after multiple iterations between experiment and SIMION. As with many MS experiments, the final tuning was optimized to best transmit a broad m/z range of ions.
Mass Spectrometer. All MS and MS/MS experiments were performed on a Bruker SolariX XR 15 T FT-ICR mass spectrometer (Bruker Daltonics, Bremen, Germany) with a customized SID device installed in the collision cell region, Anal. Chem. XXXX, XXX, XXX−XXX replacing the original CID collision cell. All protein samples were ionized using a linear positioning station where the protein solution in a glass nanoelectrospray capillary is grounded through direct contact with a platinum wire. Instrument settings in the Bruker FTICR control software used were as follows: in "Collision Cell" settings, the "Collision Voltage" was set to −4 V for transmission and −40 V for SID. The gas flow in the gas control settings was set to 80%. The "Time of Flight" between the gas collision cell and ICR cell varied from 1.2 to 1.8 ms depending on the protein system tested.
The DC potentials applied for transmission and SID are shown in Figure 1 . The detailed SID tuning parameters are shown in Table S1 . The SID acceleration voltage is defined as the voltage difference between the first entrance lens of the SID device (electrode 1 in Figure S1 ), which is similar to the voltage on the quadruople, and the surface (electrode 6 in Figure S1 ). Our research to date has shown that the SID device is capable of efficiently transmitting ions (small molecules, peptides, and protein complexes) with a broad range of m/z (from m/z 100 up to a 13.6 kDa, singly charged ion produced by MALDI). SID of high molecular weight protein complexes has not yet been optimized; precursor and product ions in this paper span m/z 1800−7100. In this first generation SID device, the collision cell in which SID products are trapped and thermalized is significantly shorter than the original collision cell. Typically, a 0.5 s accumulation time was used to obtain an MS spectrum with comparable signal to that obtained with the original collision cell with a 0.05 s accumulation time. Note that the short collision cell of the SID device was used by our MS facility for small molecule CID work, that is, no instrument modification was required to switch between SID of protein complexes and CID of small molecules. The MS and MS/MS data shown in this paper were acquired over a m/z range of 506−14000, regardless of precursor m/z. The spectra were acquired by averaging various numbers of scans to obtain isotopic distributions of all the peaks, including low intensity peaks. Because of the loss of precursor signal from quadrupole isolation, larger numbers of scans were used for MS/MS data acquisition.
Sample Preparation. Streptavidin (Thermo Pierce, Rockford, IL, U.S.A.), cholera toxin B (Sigma-Aldrich, St. Louis, MO, U.S.A.), and toyocamycin nitrile hydratase (obtained from Dr. Vahe Bandarian's lab, University of Utah), 32 which have all been characterized by SID in the QTOF platform previously, 33 were used to test dissociation with the SID device. The protein samples were buffer exchanged into 100 mM ethylenediammonium diacetate (EDDA, Sigma-Aldrich) with 6 kDa cutoff size exclusion chromatography spin columns (Bio-Rad). The final concentrations of buffer exchanged protein samples were confirmed with a Nanodrop 2000c spectrophotometer (Thermo Scientific, Wilmington, DE, U.S.A.). The samples were diluted to a protein complex concentration of 5 μM (streptavidin and toyocamycin nitrile hydratase) and 4 μM (cholera toxin B) for mass spectrometry analysis. The streptavidin/biotin complex was obtained by mixing the streptavidin sample with 500 μM biotin (Sigma-Aldrich) stock solution at a final concentration of 5 μM streptavidin tetramer and a ratio of streptavidin monomer/biotin 1:1.5. The ratio of different species was scaled to reach the best match between the simulated data and experimental data. This is simplified by assigning a scaling factor to unique peaks that are contributed by only one species (e.g., 12+ tetramer has isotopic peaks that are not present for 6+ dimer and 3+ monomer). The experimental data are shown in gray lines, and the simulated isotopic distribution from different species are shown in purple (12+ tetramer), red (6+ dimer), and blue (3+ monomer).
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The interfacial information for streptavidin (PDB ID: 1SWB) and cholera toxin B (PDB ID: 1FGB) were analyzed by PISA (Protein Interfaces, Surfaces and Assemblies) 34 to evaluate the theoretical SID fragmentation pathways.
■ RESULTS AND DISCUSSION
Streptavidin. Streptavidin is a dimer of dimers with relatively weak interactions between dimers. The interface areas between different streptavidin subunits are shown in Figure 2A . The streptavidin tetramer dissociates into highly charged monomers and low-charge trimers upon CID, 35 which is typical CID behavior where an unfolded monomeric subunit is ejected from the protein complex. 36, 37 However, this CID pathway does not match the interface information from PISA analysis. On the other hand, the production of dimers from streptavidin tetramer in SID was found to be consistent with the magnitude of interface area.
14 A 4.6 s transient was used for mass analysis of streptavidin. The mass spectrum of streptavidin is shown in Figure 2B and the dominant peak corresponds to the 12+ streptavidin tetramer. The 12+ charge state ion of streptavidin tetramer was selected using the quadrupole ( Figure  1 ) and fragmented via SID in the modified collision cell. The SID spectra of 12+ streptavidin tetramer ions at different acceleration voltages are shown in Figure 2C . All of the peaks are assigned with mass errors of less than 2 ppm. At an acceleration voltage of 35 V, the production of 7+, 6+, and 5+ dimers is dominant, which is consistent with breakage of the relatively weak interaction between dimers in a streptavidin tetramer. The symmetric dissociation of 12+ tetramers into dimers with around half of the original charge is the major pathway. Low intensities of 4+ and 5+ monomers and their complementary trimers can also be observed indicating the presence of a minor dissociation pathway. This result from SID in the FT-ICR is similar to the results previously obtained from a Q-TOF SID platform.
14 With an increase of acceleration voltage from 35 to 55 V (Figure 2C ), the relative intensities of 3+ and 4+ monomers increase, while the relative intensities of 6+ and 7+ dimers decrease, indicating secondary fragmentation of dimers to monomers when higher internal energy is deposited by the surface collision process. For the SID spectra of 12+ streptavidin tetramer in Figure 2 , the absolute intensity of the predominant peak at the m/z of 4425 (6+ dimer and 3+ monomer) is higher than the absolute intensity of the precursor peak when the data were acquired with the same number of scans, indicating that the trapping efficiency of the 12+ tetramer might be lower than that of 6+ dimer and 3+ monomer.
The peak at approximately m/z 4425, as highlighted in blue in Figure 2C , is the superposition of 12+ tetramer, 6+ dimer, and 3+ monomer, which have the same nominal mass but different isotopic distributions because of their different charge states. The zoom in region of the 4425 peak is shown in Figure  2D . Theoretical isotopic distributions of streptavidin oligomers were generated by the Simulation Pattern function in Bruker Compass DataAnalysis 4.2 software for comparison to the experimental data. Based on the sequence of streptavidin from its PDB file (PDB ID: 1SWB), the formula for streptavidin monomer, C 585 H 883 N 163 O 192 , was used to generate the theoretical isotope pattern of 3+ monomer, 6+ dimer and 12+ tetramer, for which the simulated data are shown in Figure  2D . At an SID acceleration voltage of 35 V, 6+ dimer (shown in red) is the dominant species. The increase of the relative intensity of 3+ monomer with increasing SID collision voltage can be clearly observed from the change of isotopic distribution.
The streptavidin−biotin complex was also analyzed by SID ( Figure S2 ). The streptavidin subunit with and without the Nterminal methionine (Met) can be distinguished ( Figure 3A) , along with varying degrees of sodium adduction. The sodium adducts and biotins bound to the streptavidin dimer can also be clearly assigned from the SID spectrum based on their corresponding isotopic distributions ( Figures 3B and S3) . The relative intensity of nonspecific adducts (e.g., sodium) on the dimer is much lower than that on the tetramer (Q + 4b), indicating the loss of nonspecific adducts during the SID process. The biotin on the streptavidin dimer demonstrates that some dimers generated from the tetramer preserve their folded structure and the ligand. The ultrahigh resolution of the FT-ICR allows these ligand bound and modified species with relatively small mass differences to be easily resolved and characterized.
Cholera Toxin B (CTB). In contrast with the structure of streptavidin as a dimer of dimers, cholera toxin B (CTB) is a ring structured homopentamer (see in the inset of Figure 4A ). As shown in Figure 4A , the dominant peak in the nanoelectrospray MS of CTB is the peak from the 13+ CTB pentamer. The SID spectrum of 13+ CTB pentamer ions at an acceleration voltage of 35 V shows the production of monomers, dimers, trimers, and tetramers ( Figure 4B ), which is similar to the previous result obtained on a Q-TOF instrument. 38 There are similar interactions between each pair of monomers in the ring structure of CTB pentamer. As such, theoretically, the formation of CTB monomer, dimer, trimer, and tetramers is ∼equally likely by cleaving two interfaces in the cyclic pentamer (the inset of Figure 4) .
The overlapping of 2+ monomer, 4+ dimer, 6+ trimer, and 8+ tetramer can be well-distinguished based on the isotopic distribution of each species ( Figure 4D ). The formula of CTB monomer, C 511 H 816 N 142 O 156 S 5 , was obtained from the PDB file (PDB ID: 1FGB) and used to simulate the theoretical isotopic pattern of CTB ( Figure 4C ). The isotopic peaks are wellresolved and the resolution for the peaks in the zoomed in region is greater than 200000 with a 9.2 s transient at around Anal. Chem. XXXX, XXX, XXX−XXX m/z 5803.7 ( Figure 4D ). The mass errors are within 2.2 ppm and the simulated isotopic peaks are well-aligned with the peaks from the experimental data, indicating the ultrahigh resolution and high mass accuracy. Toyocamycin Nitrile Hydratase (TNH). TNH is a heterohexamer with three different subunits α, β, and γ. Its structural model has been developed based on multiple mass spectrometry techniques, including SID results from a Q-IM-TOF instrument ( Figure S4 ). 33 The model shows that TNH is a dimer of trimers with relatively weak interaction(s) between the two trimers. There is one copy of the α, β, and γ subunits in each of the trimers. Within each of the trimers, the strongest interaction is the interaction between the α and β subunits. TNH was tested on the SID-FT-ICR platform with a 9.2 s transient. The nanoelectrospray mass spectrum of TNH ( Figure 5A ) displays the 15+ hexamer charge state as the dominant peak. Because the upper m/z selection limitation of the quadrupole is at roughly m/z 6000 in this instrument, the selection window was left relatively wide. Three TNH hexamer charge states (16+, 15+, and 14+) are included in the selection (highlighted in Figure 5A ).
The SID spectrum of TNH hexamer at an acceleration voltage of 45 V is shown in Figure 5B . The fragment peaks can be isotopically resolved such that the charge state can be assigned with mass errors within 1.5 ppm. The SID result shows that the αβγ trimers are the major products with 8+ and 7+ as the dominant charge states which are around half of the precursor charge state (15+ dominant). This result agrees with the previous conclusion that TNH is a dimer of trimers. In addition, the minor products, αβ dimers and their complementary αβγ 2 tetramers, can be observed which matches well with the strong interactions between α and β subunits in the structural model developed previously. 33 In the zoom-in region of the 6+ α subunit SID product ( Figure 5C ), α subunits both with and without a cobalt and three additional cysteine− sulfenate oxygens 32 can be well-distinguished. There are three cysteines in the sequence of the α subunit. The formula of α, C 931 H 1501 N 271 O 277 S 5 , with one disulfide bond formed was used to generate the isotopic distribution of α subunit without Co 2+ and sulfenic acid oxygens (purple line in Figure 5D ). The formula C 931 H 1501 N 271 O 280 S 5 Co, with the disulfide bond reduced, Co 2+ replacing two protons, and three additional cysteine−sulfenate oxygens, was used to generate the isotopic distribution of α subunit with a cobalt and three oxygens (red line in Figure 5D ). The simulated isotopic peaks are wellaligned with the peaks from the experimental data, showing the presence of α in two forms, disulfide bond oxidized without a cobalt and three oxygens, and disulfide bond reduced with a cobalt and three oxygens. This is further confirmed by the observation that the mixture of α subunits with and without a cobalt and three oxygens can be found in all α containing fragments ( Figure S5 ).
■ CONCLUSIONS
SID has been successfully implemented external to the ICR cell in a hybrid 15 T Bruker SolariX XR FT-ICR instrument by replacing the standard CID collision cell with the SID device. The SID device can be used for conventional ion transmission and surface collisions. Ions, including small molecules, peptides, and protein complexes, with m/z ranges of 100−14000 have been transmitted and detected with the SID device installed. Protein complex systems with different structures (home- Anal. Chem. XXXX, XXX, XXX−XXX tetramer, homopentamer, and heterohexamer) were successfully fragmented after collision with a modified surface and their FT-ICR product ratios match well with the SID results obtained previously from the Q-TOF platform. Ultrahigh mass resolution in the FT-ICR makes it possible to differentiate overlapping species with the same nominal m/z but different oligomeric and charge states by resolution of their isotopic distributions. In addition, peaks corresponding to the addition of metal cations and ligands can also be isotopically resolved. The SID-FT-ICR platform has the potential to characterize heterogeneous samples and protein−ligand interactions with minor mass differences. The SID device is currently being tested with more protein complexes to optimize the ion transmission and the SID design in our laboratory.
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